In this work a large-scale electromagnetic (EM) levitation melting of metals in twofrequency horizontal fields is investigated. Coupled EM field and free surface flow problems are solved with a three-dimensional model that incorporates Large Eddy Simulation turbulence description. The developed numerical model is used to design a pilot furnace for a stable levitation melting of Al and Ti-6Al-4V samples up to 500 g. The new FastCast concept that utilizes the novel crucible-less levitation melting method for industrial mass production of single-shot castings (e. g. Ti-6Al-4V turbocharger impellers up to 500 g) is introduced.
Introduction
Crucible-less levitation melting (LM) and single-batch casting of titanium alloys (e. g. for turbocharger impellers up to 500 g) has many advantages over multi-piece casting from the Cold-Crucible (CC) induction furnaces.
First of all, electromagnetic (EM) levitation prevents contamination of the melt with the crucible material and results in a predefined and reproducible quality of alloy. Heat losses from the liquid metal are reduced and limited to radiation and evaporation that permits fast melting and much higher overheating at a less energy consumption. Additionally, contact-less single-shot discharge of the levitated melt can be precisely controlled by the current in inductor. Due to the small melt-to-cast cycle time the process retains productivity comparable with the old-fashioned multi-batch CC investment casting, while simpler design of the crucible-less LM furnace and utilization of cheaper single-batch moulds have strong economic benefits. Apart from that, the new method breaks down the statistical nature of a single product quality in case of a multi-piece casting, advances production to the "one-pieceflow" concept and meets requirements for process digitalization.
However, in conventional axisymmetric LM furnaces, already known since 1920's [1] , the Lorentz force vanishes on the symmetry axis and the melt leakage can be hindered mainly by the melt surface tension. Therefore, only small molten metal samples up to 50-100 g [2] can be levitated in conventional way and the scale-up needs for the great range of industrial applications remain unsatisfied [3] .
A novel method for the large-scale LM of metals has been proposed and tested in experiments with aluminum samples up to 33 g recently [4] . The method applies two horizontal and orthogonal EM fields of different frequencies in order to exert Lorentz force also at the bottom of the levitated sample. Therefore, the weight of the charge can be increased and the charge can be drip-and leakage-free melted.
Numerical simulation should be used to study the novel two-frequency levitation melting method and to design the scaled-up solution. The literature review of existing numerical models [5] shows that at the present moment there is no approach developed for a 3D calculation of coupled phenomena in EM levitated liquid metal with consideration of free surface dynamics and application of precise Large Eddy Simulation (LES) model for the turbulent flow. Meanwhile, in case of conventional LM only the LES model provides experimentally valid results (e. g. value of critical current at which the leakage occurs, shape of the droplet and oscillations of free surface due to the turbulent flow) [5] .
Therefore, a 3D numerical tool for calculation of the turbulent free surface flow of liquid metal in the presence of alternate EM field has been developed and verified [5] , [6] .
We have used numerical simulation to verify the new two-frequency levitation method and to design and optimize a pilot LM furnace capable for a contact-less melting of metallic samples with increased weights [7] . The designed prototype has been successfully validated by experiments with aluminum samples up to 500 g [8] .
In this work simulations with Ti-6Al-4V samples (500 g) confirm applicability of the method for Ti alloys and reveal conditions for optimal casting. The FastCast concept that uses this novel LM process for industrial mass production of single-shot castings is presented.
Levitation melting of Al samples (500 g) using two frequency EM fields
Using the developed numerical model, the two-frequency EM levitation melting furnace capable of melting 33 g of aluminium [4] has been scaled-up and redesigned to meet conditions for the levitation melting of 500 g of aluminum (ρ = 2300 kg/m 3 ). The final scale-up configuration has a ferrite yoke that consists of an outer ring with four poles and four inductors with four windings each ( Fig. 1, a) .
Oppositely located inductors form a pair that operate at the same frequency and generate instant magnetic field in the same direction. Each pair of inductors is fed with effective current of Ief = 825 A at frequencies f1 = 30 kHz and f2 = 40 kHz, accordingly. Both EM frequencies and their difference are high enough to consider only the superposition of the steady parts of the Lorentz force in our numerical simulation [7] .
Transient 3D two-phase LES simulation of the EM induced flow in the levitated liquid Al has been performed. The fully developed flow has been time-averaged during the next 5 s. Time-averaged flow is shown on the orthogonal cross-sections (symmetry planes of two inductor pairs) ( Fig. 1, b) . Despite the same current in inductor pairs, different EM field frequencies lead to slightly different free surface shapes and flow patterns in corresponding planes. Magnetic field of lower frequency squeezes the melt more and generates more intensive flow. This defines vertical symmetry plane in the flow. This symmetry does not allow to develop any directed vortex in the horizontal cross-section. Therefore, only one timeaveraged torroidal vortex with upward flow on the z-axis is obtained.
Transient simulation revealed that the lower part of the melt appears to be stable, as it is tightly confined by the high frequency EM field, whereas the upper part above inductors is fluctuating due to the turbulent and unsteady flow. Levitation of the large volume melt (Fig.  1, c) is ensured by enhanced Lorentz force confinement ( Fig. 1, d ) of the new method.
The 3D transient calculation with LES turbulence model shows that the levitation of 500 g of molten aluminum is possible in the horizontal two-frequency EM field configuration.
Following the simulation-aided design of the furnace ( Fig. 1, a) we have manufactured experimental setup for the levitation melting of Al samples with increased mass. The outer loop and four poles of the yoke are made from 3C92 soft magnetic material. Two pairs of water-cooled copper inductors are connected with capacitors (16.3 μF and 18.5 μF) and create two oscillation circuits that operate at 13 kHz and 14 kHz. Accordingly, two different generators (producer: EMA-TEC) are used simultaneously in our experiments. The effective current was set to Ief = 700 A in both inductor pairs and Al block (6×6×2.5 cm, m = 250 g) was released in 1 cm above the furnace (Fig. 2, a) . Because of rectangular shape of the block and specific shape of the ferrite poles and inductors, the levitating solid block orients itself to a position with corners pointing at the centers of yoke poles. Good agreement for the free surface shape and position of the fully molten Al sample (250 g) has been obtained between our experiment (Fig. 2, b ) and 3D simulation (Fig. 2, c) .
Contactless levitation melting of 400 g of aluminum was achieved using f1 = 13, f2 = 14 kHz and Ief = 780 A (  Fig. 3) . The melting starts from corners and bottom of the levitating block. Note that these experiments have been performed in an open air atmosphere, therefore, rich oxidation of the free surface was inevitable.
Levitation melting of 500 g of aluminum in a scaled-up two-frequency setup was performed using increased current Ief = 800 A and the same frequencies: f1 = 13 kHz and f2 = 14 kHz. Good qualitative agreement between experiment (Fig. 4, a) and 3D simulation (Fig.  4, b) has been obtained for the liquid metal position and shape despite the rough assumption for constant material properties, especially, temperature-independent electric conductivity of Al and temperature-and field-independent relative magnetic permeability of the ferrite. Asymmetric melting of the solid sample influenced formation of the oxide layer and led to slightly asymmetric shape of the fully molten sample in experiment. Oscillations of the free surface of the melt indicated on the intensive turbulent flow caused by the Lorentz forces.
These experiments proved that the two-frequency horizontal EM field configuration, compared to a conventional levitation method, can be used for the levitation melting of aluminum samples with increased mass. Moreover, the limitation of maximum 50-100 g for the levitation melting in conventional inductor has been exceeded with this method.
Additionally, single-shot discharge of the levitated melt has been tested. Simultaneous current switch-off in both inductor pairs led to a contact-less draining of the whole melt volume.
Levitation of liquid Ti-6Al-4V alloy (500 g)
The same furnace geometry has been used to check the applicability of the twofrequency levitation melting for Ti-6Al-4V alloy (ρ = 3900 kg/m 3 ). The shape of the levitating Ti-6Al-4V melt (500 g) has four more pronounced free surface bulges next to the centers of the ferrite poles (Fig. 5, a) . In order to model challenging conditions, the relative permeability μr of the ferrite has been set to a lower value. Higher μr values ensure better EM confinement (higher magnetic field values at the surface of the melt) and therefore greater distance between the four free surface bulges and ferrite poles.
At the tip of the free surface bulge magnetic field lines separate and the radius of induced eddy current tends to zero. This determines local Lorentz force minimum at the tip (Fig. 5, b) and elongation of the free surface bulge towards the pole is prevented by the surface tension and contribution of the second frequency magnetic field from orthogonal pair of inductors. Lower electric conductivity of Ti-6Al-4V (greater EM skin-depth δEM) requires higher EM field frequencies in order to ensure that free surface bulges with small curvature radius rc do not become "transparent" (rc < δEM) for EM field. In this simulation we had to apply higher current and AC frequency values.
Instant flow velocity on the vertical cross-section (Fig. 5, c) looks qualitatively different from the one obtained for 500 g of Al (Fig. 1, b) . Velocity plot on a horizontal crosssection reveals that in case of Ti-6Al-4V there is a directed whirling around z-axis (Fig. 5, d ). Whirling flow generates centrifugal forces that contribute to biconcave shape of the levitating melt (squeezed from top and bottom). In 3D simulations (and experiments), all inductors had asymmetrically located connections between windings that could contribute to development of the whirling flow around z-axis.
In fact, our experiments with Al samples (m = 250 g, almost the same volume as 500 g of Ti-6Al-4V) confirmed biconcave shape of the levitating melt (at least a dimple at the top of the levitating sample that must have appeared due to intensive flow swirling around vertical zaxis) (Fig. 2, b) .
Heating/melting time for Ti-6Al-4V sample (500 g)
According to our numerical simulation, the induced power in the 500 g of the levitating Ti-6Al-4V melt is Pmelt = 27 kW. For the robust estimation, we assume that this amount of heat is generated in the sample during the whole process. The calculated radiation heat loss from the free surface of the molten sample in case of 100 ⁰C overheat above liquidus temperature (Tliq) is Prad = 4.2 kW (assumed emissivity ε = 0.3). Assumption of such radiation loss during the whole process is overestimated and defines a limit for the worst scenario (longest time required tmax).
On the other hand, assumption of Prad = 0 kW is underestimated and defines a limit for the best scenario (shortest time tmin). Therefore, the real time treal required for heating, melting and 100 ⁰C overheating in experiment is tmin < treal < tmax. The process time limits can be calculated from the energy balance
where Cp = 687 J/(kg·K) is the average heat capacity on the temperature range between Tinit = 30 ⁰C and Tliq + 100 ⁰C, Tliq = 1650 ⁰C, m = 500 g and L = 2.86·10 5 J/kg is the latent heat. In this case the typical heating-melting-overheating time is around 27 < t < 32 s. The process time could be additionally decreased by preheating the solid sample prior to levitation. Achievable melt-cast times below 30 s allow the scaled-up levitation melting method to retain productivity comparable with the old-fashioned multi-batch CC investment casting while providing previously mentioned advantages.
Casting of the levitated molten Ti-6Al-4V sample (500 g)
Coupled modelling of the free surface flow and heat transfer (including heat radiation from the free surface of the melt) is used to study filling of the mould and solidification.
At t = 0 s the molten Ti-6Al-4V (500 g) sample is levitating in the two-frequency levitation furnace (Fig. 6, a) . The free surface shape and turbulent flow have reached a fully developed state. It is assumed that the molten sample is overheated by 100 ⁰C above Tliq. At Uncompensated weight initiates free fall of the sample. A preheated ceramic mould is placed 12 cm below the levitating melt. At t = 0.15 s the falling molten sample is about to run into the mould (Fig. 6, a) . If the mould remains stationary, at t = 0.17 s the molten metal hits the neck of the mould at collision velocity of vz = -1.5 m/s and splashing occurs (Fig. 6, b) . The second collision takes place at a moment when the melt fills the mould completely and any ripples at the free surface generate additional splashing since they are still moving with high downdirected velocities (t = 0.40 s). In this case splashing leads to a partial loss of material.
In the 2 nd scenario the mould rotates around its symmetry axis with angular velocity of Ω0 at the moment of collision (Fig. 6, c) . Tangential acceleration of the melt reduces splashing (t = 0.23 s), however, prominent centrifugal forces lead to droplet detachment from the mould neck (t = 0.3 s).
In the 3 rd scenario the mould has only translational downward velocity of -1.2 m/s at the moment of collision (Fig. 6, d -position of the moving mould is shown schematically). This allows to reduce relative velocity between the mould and the melt and to ensure smooth filling of the mould with less splashing (t = 0.23 s).
Further parameter studies are aimed to optimize the movement of the mould and to achieve the best conditions for the casting of the levitated melt and cavity-less solidification.
In all scenarios the mould temperature and melt superheat of 100 ⁰C above Tliq were high enough to fill the mould completely and to ensure solidification free of cavities. Insufficient (and limited in case of the cold crucible) superheat leads to a rapid solidification in thinner channels and only partial filling of the mould (defective casting). In case of the levitation melting much higher melt superheat is achievable. Therefore utilization of moulds with thinner channels would be possible.
The FastCast concept
The new FastCast concept (Fig.  7) utilizes the novel crucible-less twofrequency levitation melting method for industrial mass production of singleshot castings (e. g. Ti-6Al-4V turbocharger impellers up to 500 g).
Ti-6Al-4V ingot (500 g) from the supply line is released above the levitation furnace. It falls down and gets captured by alternating magnetic field that ensures levitation and induction heating. The sample gets molten and overheated by 100 ⁰C above the liquidus temperature in less than 30 s. During the melting Lorentz forces also lead to intensive stirring and a great level of melt homogenization. Right after that a single-shot casting in a single-batch preheated ceramic mould takes place. Then the new ingot is automatically supplied to the furnace and a new empty mould is driven to the casting position. Using numerical simulations it has been proven that by means of horizontal and orthogonal EM fields of different frequencies it is possible to increase the mass of the levitated liquid metal. The design of the pilot two-frequency furnace has been tailored to meet conditions for a stable EM levitation of molten Al with increased weight up to 500 g.
Levitation melting and single-shot casting simulations with Ti-6Al-4V samples up to 500 g confirm applicability of the novel levitation melting method for Ti alloys and are used to optimize the process parameters.
The new FastCast concept that utilizes the novel crucible-less levitation melting method for industrial mass production of single-shot castings (e. g. Ti-6Al-4V turbocharger impellers up to 500 g) has been presented. The build-up of the pilot FastCast setup forms further plans of research.
